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I. STATEMENT OF THE PROBLEM

Ceramic superplasticity is a relatively recent phenomenon first discovered in tetragonal
zirconia polycrystal stabilized by yttria (3Y-TZP) in 1986. It is believed that the very fine grain
size of this material, c.a 0.3 um, facilitates superplasticity. Subsequent research by Chen and his
coworkers at the University of Michigan on the zirconia system has further identified the following
as the main attributes of Y-TZP pertaining to its excellent superplastic characteristics:

(a) a stable grain size resistant to coarsening in sintering and in deformation due to
aliovalent solute segregation to the grain boundary;

(b) a thin glass layer on the grain boundary which facilitates deformation;

(c) arelatively low grain boundary energy due to solute segregation and crystallography
which imparts considerable strength against cavitation.

The intent of the current research is to develop a methodology to similarly explore other
ceramic systems for significant superplasticity. Although three material systems, alumina, spinel,
and silicon carbide, have been identified for the exercise, intended for a three-year grant, an
inadvertant funding shortfall on the part of ARO resulted in the premature termination of the
program after the first year. The present report summarizes our research during the first year. The

work focussed on the alumina system only—major accomplishments are described below.

[I. SUMMARY OF ACCOMPLISHMENTS

2.1 Deformation and Ceramic Growth of Low-temperature Sintered. High Purity Alumina

Through close control over green state powder processing, pure alumina ceramics of 0.5 um
grain size were obtained by sintering at 1250°C. The static grain growth of this material was
modest at temperatures below 1300°C. However, dynamic grain growth occurred rapidly during
superplastic deformation. Therefore, although the ultratine-grair..d alumina exhibited rather low
initial flow stress at relatively low deformation temperatures, dynamic grain growth-induced strain-
hardening gave nise to high tlow stress causing cavitation and cracking. As a result, superplastic

deformation could not be achieved for the ultrafine-grained pure alumina.




2.2 Superplastic Alumina Ceramics with Grain Growth Inhibitor

Superplastic deformation of alumina ceramics was studied at 1400-1450°C at strain rate of
4x1073 to 5x104 s-1. MgO and ZrO; were introduced to suppress dynamic grain growth. The
latter was especially effective; grain growth was minimum in 10 vol% ZrO;-containing material.
Both materials were superplastically stretched under biaxial tension to 100% engineering strain
with good surface finishing, demonstrating the feasibility of superplastic forming for alumina

CEeramics.

2.3 Low Temperature Sintering of Alumina with Liquid Forming Additives

Simultaneous application of colloidal processing and liquid-forming additives to alumina
resulted in a sintered density of >99% in 1 hour at a temperature as low as 1070°C for a
commercial high purity alumina powder at a total dopant level of 2 mole%. The additives were
0.9% CuO + 0.9% TiOz + 0.1% B203 + 0.1% MgO. At higher temperatures or after prolonged
sintering, the doped alumina ceramic developed a duplex microstructure containing large elongated
grains and exhibited a relatively high fracture toughness of ~3.8 MPa m1/2 as compared to a value

of ~2.6 MPa m!/2 for the undoped alumina.

2.4 Transformation of y-Al;03 to a-Al203

Liquid forming additives enhance the ¥ to a transformation of alumina. ZnF; was found to be
the strongest enhancing agent. On the other hand, ZrO; proved to be most effective in retarding
the transformation. Additive effects on sintering/shrinkage were similar except for the added effect
of reaction sintering and a faster transformation kinetics due to the better contact between powders
in a compact.

2.5 Methodology of Alloy Development of Superplastic Ceramics

Superplastic structural ceramics, Y-TZP, Alp03, SizNg4 and their composites, that can
withstand biaxial stretching to large strains, have been developed recently. Microstructural desigi,
of these ceramics first calls for an untrafine grain size that is stable against coarsening during

sintering and deformation. A low sintering temperature is a necessary, but not sufficient, condition




ot

for achieving the above. In many cases, the selection of an appropriate phase, such as tetragonal
phase in zirconia or o phase in silicon nitride which is resistant to grain growth, is crucial. The
use of sintering aids and grain growth inhibitors, particularly those that segregate to the grain
boundaries, can be beneficial. Second phase particies are especially effective in suppressing static
and dynamic grain growth. Another major concern is to maintain an adequate grain boundary
cohesive strength, relative to the flow stress, to mitigate cavitation or grain boundary cracking
during large strain deformation. Existing evidence suggests that a lower grain boundary energy is
instrumental in achieving this objective. The selection of an appropriate phase and the tailoring of
the grain boundary or liquid phase composition can sometimes drastically alter the cavitation
resistance. Related observations on forming methods, forming characteristics, and sheet
formability are also reviewed. It is found that the basic deformation characteristics are akin to
diffusional creep and dominated by grain boundary diffusion. However, they are frequently
altered by interface reactions, second-phase hardening/softening, and dynamic grain growth
induced strain hardening. Ductility and formability, on the other hand, are controlled by the flow
stress and flaw distribution, not by deformation instability as in superplastic metals. Analytical
models and empirical correlations are presented to describe various constitutive relations in the

above areas.
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